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1
NARROW SPECTRAL LINE-WIDTH
EMISSION PHOSPHORS WITH BROAD BAND
EXCITATION EDGE UP TO AND INCLUDING
THE BLUE WAVELENGTH REGION

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is the U.S. National Phase Appli-
cation of PCT/US2013/037366 which claims priority to U.S.
Provisional Application, Ser. No. 61/687,238, filed Apr. 20,
2012, entitled NARROW SPECTRAL LINE-WIDTH EMIS-
SION PHOSPHORS WITH BROAD BAND EXCITATION
EDGE IN THE BLUE WAVELENGTH REGION. The con-
tents of such applications are incorporated fully herein by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

The present invention was made with United States Gov-
ernment support under contract number EEC-0812056,
awarded by the National Science Foundation, and contract
number C090145, awarded by NYSTAR. The United States
Government may have certain rights to the invention.

FIELD OF THE INVENTION

The present invention generally relates to a phosphor com-
position for lighting and display applications. In particular,
the phosphor composition enables broad band absorption and
excitation of light up to and including the blue wavelength
region, and wavelength conversion to longer wavelength
regions.

BACKGROUND OF THE INVENTION

The development of solid state semiconductor devices, in
particular light emitting diodes (LEDs), has opened up the
possibility of a new generation of energy efficient lighting
solutions. Development of LEDs that emit light in the blue/
ultraviolet part of the electromagnetic spectrum has resulted
in practical applications of white light sources based on LEDs
(i.e., “white LEDs”). Due to their long operational lives and
high efficiency, it is predicted that white LEDs could eventu-
ally replace incandescent, fluorescent, and other conventional
light sources.

Techniques have been developed for converting the light
emitted from LEDs to useful white light for illumination, as
well as other purposes. For these techniques, phosphor layers
are typically placed in close proximity to a light emitting
surface of the LED chip from which they derive their excita-
tion energy. The phosphor absorbs radiation energy in one
portion of the electromagnetic spectrum and emits energy in
another portion of the electromagnetic spectrum. Phosphors,
for example, may emit radiation in the visible portion of the
electromagnetic spectrum in response to excitation by elec-
tromagnetic energy outside the visible range.

There presently exist significant obstacles in the develop-
ment of phosphor-converted white LEDS with superior char-
acteristics. One such obstacle includes the lack of narrow-
emitting red, orange, yellow, green or other visible
wavelength phosphors that are effectively excited by blue or
near-UV LEDs.

SUMMARY OF THE INVENTION

A composition according to one aspect of the invention
comprises a phosphor having a general formula of (A A,,. . .
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2

Az 14gpym(W,_,M0,)0¢Ln,,,,D,,,, wherein x+y+ . . . +7=1;
O=r=l; O=q=l; 0<m=0.12; and A=Divalent element from
group IIA and/or IIB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+,
etc.), W=tungsten with 6+ charge state, Mo=Molybdenum
with 6+ charge state, L.n=Trivalent rare earth lanthanide ele-
ment (e.g., Ce3+ to Lu3+), D=Monovalent element from
group IA and/or IB (e.g., Lil+, Nal+, Cul+, etc.), and
0O=0Oxygen (0*7). Examples of this phosphor may include the
composition Ca, ¢sMoOg:Eu, (sNa, o6, as well as the com-
position (Sro.4Cag Mgy 1 Bag 5714 1), (Moo 4 Wi 6)Os:
Eu, ,Lig ;.

A composition according to another aspect of the invention
provides a phosphor having a general formula of (A A, . ..
A)i_aagmW1M0,)O5:Ln,, D, ., wherein x+y+ . . . +z=1;
O=r=l; O=q=l; 0<m=0.24; and A=Divalent element from
group IIA and/or IIB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+,
etc.), W=tungsten with 4+ charge state, Mo=Molybdenum
with 4+ charge state, L.n=Trivalent rare earth lanthanide ele-
ment (e.g., Ce3+ to Lu3+), D=Monovalent element from
group IA and/or IB (e.g., Lil+, Nal+, Cul+, etc.), and
O=0xygen (O*7). An example of this phosphor composition
may include the composition Ca, 3, WO;:Eu, | Na ;.

A composition according to a third aspect of the invention
provides a phosphor having a general formula of (A A, . ..
AZ)3—(1+q)m(BxBy BZ)2—k(Wl—rMor)OQZan+kqums
wherein x+y+ . . . +z=1; O=k=1; O=r=l; 0=q=<l; 0<m=0.24;
and A=Divalent element from group IIA and/or I1IB (e.g.,
Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, etc.), B=Trivalent element
from group IIIA, IIIB or Rare Earth Lanthanide elements
(e.g., Sc3+, Y3+, La3+, B3+, A3+, Ga3+, Ce3+ to Lu3+,
etc.), W=Tungsten with 6+ charge state, Mo=Molybdenum
with 6+ charge state, L.n=Trivalent rare earth lanthanide ele-
ment (e.g., Ce3+ to Lu3+), D=Monovalent element from
group IA and/or IB (e.g., Lil+, Nal+, Cul+, etc.), and
O=0xygen (O*7). An example of this phosphor composition
may include the composition Mg, Y, sWOq:Eu, [Na, ;.

A composition according to a fourth aspect of the invention
provides a phosphor having a general formula of (A A, . ..
A, (W,_Mo,),0,:Ln,,; wherein x+y+ . . . +z=1; O=r=l;
O<ms=1; and A=Trivalent element from group II1A, IIIB or
Rare Earth Lanthanide elements (e.g., Sc3+, Y3+, La3+, B3+,
A3+, Ga3+, Ce3+ to Lu3+, etc.), W=Tungsten with 4+
charge state, Mo=Molybdenum with 4+ charge state,
Ln=Trivalent rare earth lanthanide element (e.g., Ce3+ to
Lu3+), D=Monovalent element from group IA and/or 1B
(e.g., Lil+, Nal+, Cul+, etc.), and O=Oxygen (O*7). An
example of this phosphor composition may include the com-
position Y, sMo,O,:Eu, s.

A composition according to a fifth aspect of the invention
provides a phosphor having a general formula of (A A, . ..
A 1agpym(VNb, T ),0,:Ln,,,D,,; whereinx+y+ . . . +7=1;
p+r+s=1; O=q=1; 0<m=0.24; and A=Divalent element from
group IIA and/or IIB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+,
etc.), V=Vanadium with 5+ charge state, Nb=Niobium with
5+ charge state, Ta=Tantalum with 5+ charge state,
Ln=Trivalent rare earth lanthanide element (e.g., Ce3+ to
Lu3+), D=Monovalent element from group IA and/or 1B
(e.g., Lil+, Nal+, Cul+, etc.), and O=Oxygen (O*).
Examples of this phosphor may include the composition
Ca, 35V,0.:Eug o6Nag o6, as well as the composition
Sty 9Cag oV sNby ,05:Eug  Lig ;.

A composition according to a sixth aspect of the invention
provides a phosphor having a general formula of (A A, . . .
Az (14gpym(VNb, Ta),04:1n,,,,D,,,, wherein x+y+. . . +7=1;
p+r+s=1; O=q=1; 0<m=0.24; and A=Divalent element from
group IIA and/or IIB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+,
etc.), V=Vanadium with 5+ charge state, Nb=Niobium with
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5+ charge state, Ta=Tantalum with 5+ charge state,
Ln=Trivalent rare earth lanthanide element (e.g., Ce3+ to
Lu3+), D=Monovalent element from group IA and/or 1B
(e.g., Lil+, Nal+, Cul+, etc.), and O=Oxygen (O*).
Examples of this phosphor may include the composition
Ca, ¢ Nb,O4:Eu, o(Nag o, as well as the composition
Sr, sCa,y s V,04:Fu, L4, 5.

A composition according to a seventh aspect of the inven-
tion provides a phosphor having a general formula of
AAL Ay 14gmB.B, . B, ((V,Nb,Ta )Og:Ln,, 4.
D,,., wherein x+y+ . . . +z=1; p+r+s=1; O=q=l; O<k=l;
0<M=0.24; and A=Divalent element from group IIA and/or
1IB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+, etc.), B=Trivalent
element from group IIIA, IIIB or Rare Earth Lanthanide
elements (e.g., Sc3+, Y3+, La3+, B3+, Al3+, Ga3+, Ce3+to
Lu3+, etc.), V=Vanadium with 5+ charge state, Nb=Niobium
with 5+ charge state, Ta=Tantalum with 5+ charge state,
Ln=Trivalent rare earth lanthanide element (e.g., Ce3+ to
Lu3+), D=Monovalent element from group IA and/or 1B
(e.g., Lil+, Nal+, Cul+, etc.), and O=Oxygen (O*"). An
example of this phosphor composition may include the com-
position Sr; ., YNbO:Eu, osNag 6

A composition according to an eighth aspect of the inven-
tion provides a phosphor having a general formula of
AA, A gV N Ta),0,:Ln,,D, ., wherein
X+y+ . .. +z=1; p+r+s=1; 0=q=l; O<m=0.24; anqu:Divalent
element from group IIA and/or I1IB (e.g., Mg2+, Ca2+, Sr2+,
Ba2+, Zn2+, etc.), V=Vanadium with 4+ charge state,
Nb=Niobium with 4+ charge state, Ta=Tantalum with 4+
charge state, Ln=Trivalent rare earth lanthanide element (e.g.,
Ce3+ to Lu3+), D=Monovalent element from group IA and/
orIB (e.g.,Lil+,Nal+, Cul+,etc.), and O=Oxygen (O*"). An
example of this phosphor composition may include the com-
position Sr, VNbO,:Eu, |Na, ;.

A composition according to a ninth aspect of the invention
provides a phosphor having a general formula of (A A,
A (14gpym(VNb, Ta),05:Ln,,,D,,,, wherein x+y+. . . +7=1;
p+r+s=1; O=q=1; 0<m=0.24; and A=Divalent element from
group IIA and/or 1IB (e.g., Mg2+, Ca2+, Sr2+, Ba2+, Zn2+,
etc.), V=Vanadium with 3+ charge state, Nb=Niobium with
3+ charge state Ta=Tantalum with 3+ charge state,
Ln=Trivalent rare earth lanthanide element (e.g., Ce3+ to
Lu3+), D=Monovalent element from group IA and/or 1B
(e.g., Lil+, Nal+, Cul+, etc.), and O=Oxygen (O*7). An
example of this phosphor composition may include the com-
position Mg, (V,05:Eu, ,Na, ,.

A composition according to a tenth aspect of the invention
provides a phosphor having a general formula of (A A . ..
A))s(B.B, . B),_,,(W,_ Mo )O4Ln,, wherein x+
v+ ... +7=1; O=r=1; 0<m=0.48; and A=Monovalent element
from group IA and/or IB (e.g., Lil+, Nal+, Cul+, etc.),
B=Trivalent element from group IIIA, IIIB or Rare Earth
Lanthanide elements (e.g., Sc3+, Y3+, La3+, B3+, Al3+,
Ga3+, Ce3+to Lu3+,etc.), W=Tungsten with 6+ charge state,
Mo=Molybdenum with 6+ charge state, Ln=Trivalent rare
earth lanthanide element (e.g., Ce3+ to Lu3+), and
0=0Oxygen (O*7). An example of this phosphor composition
may include the composition Na;Gd, ,MoOq:Eu, ;.

Additional embodiments of the present invention include
light emitting and light modulation devices having a source
for ultraviolet or visible radiation, power leads providing
current to the source for emitting the radiation, and one or
more phosphors of the aforementioned embodiments of the
present invention.

BRIEF DESCRIPTION OF DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
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4

following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a schematic cross-sectional view of an illumina-
tion device in accordance with an embodiment of the present
invention;

FIG. 2 is a chart of the excitation spectra of four exemplary
phosphors in accordance with embodiments of the present
invention;

FIG. 3 is a chart of the excitation spectra of three additional
exemplary phosphors in accordance with embodiments of the
present invention;

FIG. 41is a chart of the excitation spectra of seven additional
exemplary phosphors in accordance with embodiments of the
present invention; and

FIG. 5 is a chart of the emission spectra of an exemplary
phosphor with 395 nm and 465 nm excitation wavelengths, in
accordance with embodiments of the present invention.

FIGS. 6a, b-13a,b show the excitation and emission spec-
tra of various exemplary phosphor compositions, in accor-
dance with embodiments of the present invention.

FIG. 14 is achart of the emission spectrum of an exemplary
phosphor excited by a 400 nm LED.

FIG. 15 is a chart of the emission spectrum of another
exemplary phosphor excited by a 450 nm LED.

FIG. 16 is a schematic cross-sectional view of an illumi-
nation device in accordance with another embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention provide phosphor
compositions that may be used in lighting systems, such as
LEDs, fluorescent tubes, and the like. The applications of
lighting systems using the phosphor compositions described
throughout the specification, however, are not limited to any
particular preferred general illumination purposes. They may
include any lighting systems currently understood by those
skilled in the art.

The phosphor compositions according to embodiments of
the present invention have crystal structures and chemical
bond arrangements that enable broad band absorption and
excitation of light up to and including the blue wavelength
regions (e.g., 400-490 nm), and wavelength conversions to
longer wavelength regions. The phosphor compositions have
narrow spectral line-width (e.g. full width at half maximum
that is less than 5 nm) suitable for high efficiency white light
LED fabrication. The phosphors provide emission in green
(e.g., 550 nm), yellow (e.g., 575 nm), orange (e.g., 615), and
red (e.g., 650 nm) wavelengths. In addition to wavelength
conversions, phosphor compositions according to aspects of
the present invention may be used for varying temporal char-
acteristics of light, such as intensity, polarization, and spatial
distribution.

Commercial phosphor-converted white LEDs employ blue
(e.g., 400-470 nm) or near-ultraviolet (UV) (e.g., 380-400
nm) LED chips and RY (red-yellow) or tricolor phosphors,
respectively, to produce white light with a high CRI (color
rendering index) and a low CCT (correlated color tempera-
ture). These LEDs require red phosphors in order to maxi-
mize efficacy while maintaining high color quality. The phos-
phor compositions according to embodiments of the present
invention result in phosphor-converted white LEDs with
superior characteristics. In particular, the phosphor composi-
tions of the present invention result in narrow-emitting red
phosphors that are effectively excited by blue (e.g., 400-490
nm) or near-UV (e.g., 380-400 nm) LEDs.

FIG. 1 depicts an LED device 100 according to an aspect of
the present invention. LED devices are known in the art.
Typically, LED device 100 includes a semiconductor UV or



US 9,109,162 B2

5

visible radiation source, such as an LED chip 106. Power
leads 112, providing current that causes LED chip 106 to emit
radiation, are electrically connected to the LED chip 106.
Power leads 112 may include thin wires supported by thicker
package leads 108. Alternatively, package leads 108 may be
directly attached to LED chip 106. LED chip 106 may be
encapsulated within a shell 102. Shell 102 may be glass,
plastic, or any other material known in the art. Shell 102 is
typically transparent with respect to the light produced by
LED chip 106.

LED device 100 may further include a phosphor compound
104 according to one embodiment of the present invention.
Phosphor compound 104 is typically radiationally coupled to
LED chip 106. For example, radiation from LED chip 106 is
transmitted to phosphor compound 104, and vice-versa. A
phosphor compound 104 that is radiationally coupled to the
LED chip 106 may absorb radiation, such as blue or UV light,
emitted by LED chip 106. Phosphor compound 104 may then
emit radiation in longer wavelengths, such as blue, blue-
green, red, or other colors of light.

Phosphor composition 104 may be deposited on LED
device 100 by any method presently known by those skilled in
the art. As one example, phosphor compound 104 can be
formed and applied as a layer onto the surface of LED chip
106. If shell 102 is transparent, the emitted light 110 from
LED chip 106 and phosphor compound 104 will be transmit-
ted through shell 102. As another example, the phosphor
compound 104 may be formed on the surface of shell 102. As
yet another example, phosphor composition 104 (e.g., in
powder form) may be mixed with material forming shell 102
(e.g., resin) of LED device 100. The radiation emitted by LED
chip 106, mixed with phosphor compound 104, will appear as
emitted light 110.

Phosphor compositions of the present invention will now
be described. Generally, the phosphor compositions of the
present invention may be categorized into two classes. The
first class of compositions are trivalent rare earth doped (acti-
vated) Group VB and VIB transition metal double perovskites
of the A,B'B"O, and AB'B",0, type. In this first class of
compositions, the transition metal is octahedrally coordi-
nated by oxygen in a 6+ or 5+ charge state, respectively, and
occupies the B" site. The A and B' sites are occupied by
elements from groups IA, IIA, IIIB, IIB, IIIA, and a lan-
thanide group. The second class of compositions include
trivalent rare earth doped (activated) Group VIB transition
metal oxides with the AB,O,, ABO;, and A,B,O, types. For
the second class of compositions, transition metal is in a 3+ or
4+ charge state and occupies the B site. The A site is occupied
by elements from groups 1A, 1IA, IIIB, IIB, IIIA, and a
lanthanide group.

For use in solid-state lighting, phosphors should be well
excited by near-UV (e.g., 395 nm) or blue (e.g., 465 nm) light.
Alkaline earth metal molybdates, for example, have been
used as materials for various applications, e.g., laser hosts,
X-ray detection, etc. This class of compounds is self-acti-
vated due to the luminescence from MoQ, tetrahedral groups
in the scheelite host lattice.

Alkaline earth metal tungstates and molybdates serve as
excellent host materials for trivalent lanthanide ions like
Eu?*. These compounds efficiently absorb far-UV radiation
via charge transfer state of WO, and MoO,, groups and then
transfer this to Eu** ions, producing narrow emission lines
due to f-f transitions. However, in these compounds, the
charge transfer band edge is 330 nm, and luminescence
through near-UV and blue excitation is limited to f-f transi-
tions of Eu** ions. Eu* ions are parity-forbidden; therefore,
the excitation is weak and insufficient for illumination grade
LEDs.
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Narrow line-width emission is particularly important to
lighting. Commercial fluorescent lamps, for example, contain
phosphors that emit multitudes of narrow wavelength ranges
in the blue, green, and red regions of the visible light spec-
trum, which mix to provide white light. The narrow line-
width is characterized by the wavelength range of emission
from the phosphor (full-width at half-maxima of typically
less than 5 nm). Narrow line-width emission results in high
luminous efficacy by preventing light spill over in the wave-
lengths outside of the human eye sensitivity curve. For
example, in order to obtain the maximum possible luminous
efficacy of 375 Im/W ata CRIof85 and CCT of 3800 K, white
light produced from four narrow-emitting sources at 459 nm,
535 nm, 573 nm and 614 nm, respectively, is needed with the
relative power of the sources being 0.18, 0.25, 0.22, 0.36,
respectively.

The charge transfer state of MO, (where M=Mo or W)
groups is located at a higher energy as compared to that of
MO groups. The higher coordination number of the transi-
tion metal ion in MO, (where M=Mo or W) complexes leads
to longer M-O bonds and lower M*—O?~ bond energy,
which decides the energy of the charge transfer state. These
MO, complexes are found in various compounds like
A,CaMOy (where A=Ba or Sr; and M=Mo or W), R,MOy
(where R—Y or Gd; and M=Mo or W) and RiMO, , (where
R—=Y or Gd; and M=Mo or W), and when doped with Eu>*,
the charge transfer band edges are around 430 nm, 400 nm,
and 430 nm, and the emission maxima are around 594 nm and
615 nm, respectively.

While R,MO, compounds have a shorter charge transfer
band (CTB) edge, A,CaMO, (where A=Ba or Sr; and M=Mo
or W) type compounds favor the magnetic dipole transition of
Eu* ion over the electric dipole transition, resulting in a peak
emission wavelength of 594 nm instead of 615 nm. Further,
the synthesis of pure hexagonal phase of RaMO,, (where
R—=Y or Gd; and M=Mo or W) doped with Eu**, exhibiting
a CTB edge of 430 nm, is difficult. Therefore, in embodi-
ments of the present invention, another series of compounds
have been doped with Eu**, which comprise MO, complexes
(where M=Mo or W) with specific crystal structure that
results in extension of the charge transfer band in the blue
wavelength region (e.g., 400-490 nm). Using the same classes
of compounds, but using different dopant species Ho™*, Dy>*,
Pr’*, Sm**, Tb**, etc., narrow spectral lines with peak emis-
sion at different wavelengths in the visible spectrum range
(e.g., 500-700 nm) is possible.

According to embodiments of the present invention, vari-
ous phosphor compositions have been synthesized using
solid state reaction and flux growth methods at high tempera-
ture under a variety of ambients (e.g., oxygen, inert gas, and
vacuum). The phosphor compositions include samples in
powder form and in crystal form. In one embodiment, the
various compositions were synthesized in the temperature
range 0of800-1600° C. In a preferred embodiment, the various
compositions were synthesized at a temperature range at or
above 1000° C. In a more preferred embodiment, the various
compositions were synthesized at a temperature range at or
above 1300° C.

X-ray diffraction (XRD) data was recorded on a Bruker D8
Discover Diffractometer running on Cu Ka radiation at 40kV
and 40 mA. This data was used to determine the crystal
structure of the synthesized phosphors and to calculate their
lattice constants. Excitation and Emission Spectrum mea-
surements were carried out using a Flourolog Tau-3 Lifetime
Measurement system. The excitation spectra were recorded
for specific emission wavelengths. However, aspects of the
invention should not be limited to the above devices and
systems for reading and measuring. Those skilled in the art
will understand the other devices and systems that may be
used for reading and measuring. TABLES 1, 2, 3, and 4,
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shown below, provide representative phosphor compositions
synthesized according to embodiments of the present inven-

tion.
TABLE 1
Charge Transfer Band
Phosphor composition Crystal Structure Edge CT-Absorbing Group
Mg;Y>MoOg: Eu** Cubic phase, with 400 nm MoOg
octahedrally coordinated
Mo® ion
A3Y,MoOy: Eu®* Cubic phase with 420-430 nm MoOg
(A =Ca, Sr,Ba) octahedrally coordinated
Mo® ion
Mg;MoOg: Eu* orthorhombic phase, with 400 nm MoOg
octahedrally coordinated
Mo®* ion
A3MoOg4: Eu?* orthorhombic phase, with 420-430 nm MoOg
(A =Ca, Sr,Ba) octahedrally coordinated
Mo®* ion
A;MoxW,—x0Og: Eu** **  orthorhombic phase with 340-430 nm; MOg (M = Mo, W)

(A =Mg,Ca, Sr, Ba)

octahedrally coordinated
Mo®W® ion

**x = 0 exhibits the highest
emission intensity but
shortest charge transfer

band edge
AsV,0,0: Eud* Orthorhombic phase with 420-430 nm VOg¢
(A =Mg,Ca, Sr, Ba) five coordinated V>* ion
A;Nb,Og: Eu®* Rhombohedral phase with 420-430 nm NbOg
(A =Mg,Ca, Sr, Ba) octahedrally coordinated
Nb>* ion
A,YBO,: Eu*+ Monoclinic phase with 420-430 nm BOg
(A=Mg,Ca,Sr,Ba;B= octahedrally coordinated
Ta, Nb) B> ion
AMoO;: Eu** Orthorhombic phase in A = 415-420 nm MoO,
(A =Ca, Sr,Ba) Ca and cubic phases in A =
Sr, Ba with Mo™** state
A2Mo207: Eu** Cubic phase with Mo** 380-400 nm MoO,
(A=Y, Gd, Lu) state
TABLE 2 = TABLE 2-continued
Peak Emission  Experimentally
Phosphor Wavelength observed CT ~ Crystal Peak Emission  Experimentally
Composition (um) Band Edge (nm) Structure Phosphor Wavelength observed CT  Crystal
Mg;Y5MoOg: Fu3* 611 397 Cubic 40 Composition (nm) Band Edge (nm) Structure
Mg,Y,WOg: Eu** 615 328 Cubic
CaWO,: Eu** 615 320 Tetragonal
CaMoO,: Eu** 615 330 Tetragonal Ba3Y,WO,: Eu* 615 338 Cubic
Ca3Y,MoOy: Fut 615 418 Cubic Y,WOg Eu** 615 329 Monoclinic
CaMoO5: Eu?* 615 415 Orthorhombic . o
SrMoQ,: Eu** 615 290 Tetragonal 45 Y,MoOg: Eu 610 400 Monoclinic
StMoOs: Bu** 615 380 Cubic Y,Mo,0,: Eu** 615 380 Cubic
BaMoO,: Eu** 615 325 Tetragonal a -
Ba,CaMoOy; B 504 425 Cubic Gd,MoOg: Eu 613 400 Monoclinic
BaMoO;: Eu** 615 388 Cubic
TABLE 3

Phosphor Crystal Peak Emission Charge Transfer CT- Absorbing

Composition Structure Wavelength (nm) Band Edge (nm) Group

Cag ggM0O,: Eug 53 Tetragonal 614 330 MoO,

Cag gsWO,: Eug 15>+ Tetragonal 615 300 WO,

Y104(M0O,)s5: Eugoe®*  Orthorhombic 611 320 MoO,

Gd, 94(M0O,);: Eug o> Orthorhombic 613 320 MoO,

Zng ¢sMoO,: Eug, 15>* Tricilinic 613 330 MoO,

Y, 04M0Og: Eug 06>+ Monoclinic 609 400 MoOs

Gd, 9sM0Og: Eug o6 Monoclinic 609 405 MoOs

Ca, ggMoOg: Eug 53 Orthorhombic 615 425 MoOg

Ca, ggWOg: Eug 5>+ Orthorhombic 615 330 WOgq

Ba,Cag gsMoOg: Eug 5> Cubic 594 430 MoOg

Y5.6sM0Og: Eug 15>+ Hexagonal 615 430 MoOg

Gds gM0oOg: Eug 53+ Hexagonal 615 430 MoOg

Y5.5sMoOg: Eug 15>+ Cubic 615 ~480 MoOg

Gds ggMoOg: Eug 5>+ Cubic 615 ~480 MoOg
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TABLE 4
Charge
Phospor Generic Peak Emission  Transfer Band
Compositions  Formula (nm) Edge (nm)
Mg, QMOOG (AA, .. Az)3—(l+q)m(wl—rMor)OG: 611 420
Eug > Ln,,
Mg, 9sMoOg: (AxAy A (Legm(W1,Mo0,)06: 594 490
Bug 5”" Ln,, D,
Ca, 8MoO6 (AA, - Az (1igm(W1,M0,)04: 615 440
Bu,5* Ln,,, D,
Sry. SSMOOG. (AA, - Az (1igm(W1,M0,)04: 615 410
Bug ;5° Ln,, D,
Ca,, QSWOG: (AA, - Az (1igym(W1,Mo0,)06: 575 400
Dyo.00” Ln,,, D,
Cay, 95W055 (AA, - Az (1igym(W1,Mo0,)06: 615 400
Eug 2 Ln,,D,,
Cay, 95W055 (AxAy A (Legm(W1,Mo0,)06: 650 400
Sm 5> Ln,,
S12.96WOs: (AxAy A (Legm(W1,Mo0,)06: 594 490
Bug o4°" Ln,, D,
Cay gMoOj3: (AA, - A Z(rgm(W 1, M0,)03: 615 430
Bu, ™ Ln,,, D,
Srg.oMoO5: (AA, - A Z(rgm(W 1, M0,)03: 615 410
Eug, ** Ln,, D,
Bag gMoO;: (AA, - A (igym(W1,Mo0,)05: 615 410
Eug ,>* Ln,,D,,
Mg, sY>,MoOg: ((AXAy. A3 1 BiB, - - - B (W, Mo,)Oq: 615 420
BEug ;™ Ln,. Dgn
Cay gY5MoOp:  ((ALA, - - Az (14gym(B,B; - - - B2z (W, _,Mo,)Oq: 615 440
Euo 5™ L, o qu
Y, gMo,0: (AA, .. A (W, Mo,),07: 615 420
Bu, 2™ Ln,,
Ca, gV,07: (AA, - Ao (1rgm(VND, T2 )0 615 420
Eug o™ Ln,,, D,
Cay 95V,07 A, A)s (Ligm(VND, Ta )0, 575 400
Dyo.os™ Ln,,, D,
Ca, 95V507: (AA, - A (1gm(VpND, Ta),04: 650 400
Smyg o5+ Ln,,D,,
Ba, . 8Nb207: (AXAy Az)zf(“q)m(V Nb, Ta,),0;: 615 500
Eug 5> Ln,,
Ca, gNb,Og: (AXAy AZ)3 (Lrgyal VpND, T2 );0g: 615 400
Eug ,>* Ln,
Ca; s YNbOg: (AXAy A 22— Legy B .. B)_(V,Nb,Ta)Oq: 615 400
Bug,** Ly D
Ca, gV,07: (AA - A3 (1Lrgm(VND, T )04 615 430
Euo 5™ Ly D
Cay §V,0s: (AxAy A (1rgm(VpND, Ta),05: 615 440
Bug 5™ Dy s> Do
Na3Y0 oMoOg: (AXAy CA)3(BB, .. B (WMo, )Og: 615 420
Eug
Na; Yo, 95MoOS: (AXAy. S A)BB, . B L,(W L, Mo,)04: 650 420
Smo o™+
Charge State of Synthesis
Phospor Crystal Transition — Absorbing Coordination Temperature
Compositions  Structure Metal Ion ~ Group Number (°C)
Mg,, gMoO6 Orthorhombic 6+ MoOg 6 =1200
Bug,,*
Mg,, QSMOO6 Orthorhombic 6+ MoOg 6 =1200
Eug 00
Ca, gMoOg: Orthorhombic 6+ MoOg 6 =1200
Eu. 3+
Uo.2
S1; gsMoOg: Orthorhombic 6+ MoOg 6 =1300
Bug 15**
Cay ggWOs: Monoclinic 6+ WOg¢ 6 =1300
Dyo.02”"
Ca, gsWOg: Monoclinic 6+ WOg4 6 =1300
Eu. 3+
Uo.1
Cay gsWOg: Monoclinic 6+ WOgq 6 =1300
Smg 5™
S15.96WOg: Monoclinic 6+ WOgq 6 =1300
Bug 04>
Cay gMoOj3: Orthorhombic 4+ MoO, 4 =1100
Eu. 3+
Uo.2
SrogMoOj3: Cubic 4+ MoO, 4 =1100
Fu. 3+
0.1
Bag gMoOs: Cubic 4+ MoO, 4 =1100
3+
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TABLE 4-continued

Mg, s Y>-MoO,: Cubic 6+ MoOg
Bug,™

Ca, gY>,MoO,:  Cubic 6+ MoOg
Buo,*

Y, gMo,0: Cubic 4+ MoO,
Bug,*

Ca; V5,04 Triclinic 5+ V5,0,
BEug,*

Cal_g5\3/207 Triclinic 5+ V5,0,
Dygos™"

Ca; o5V,05 Triclinic 5+ V5,0,
mg o5°"

Ba; gNb,O: Triclinic 5+ Nb,O,
Bug,*

Ca, gNb,Og Rhombohedral 5+ NbOg
BEug,*

Ca; gYNbO4:  Monoclinic 5+ NbOg
Bug,**

Ca, gV,04 Triclinic 4+ VO,
BEug,*

Ca; V5,05 Cubic 3+ VO,
Bug,*

Na3Y,oMoO4:  Monoclinic 6+ MoOg
Eug ,**

Na3Y95M0O4: Monoclinic 6+ MoOg
Smg s>+

12
6 =1200
6 =1200
4 =1100
4 =1100
4 =1100
4 =1100
4 =1100
6 =1100
6 =1100
4 =1000
4 =1000
6 =1100
6 =1100

According to another aspect of the present invention, the
crystal structures of Ca;MoOg and Ca; WO, phosphors were
determined to be orthorhombic and monoclinic, respectively.
In Ca; WO, phosphors, the monoclinic angle (90.15°) is very
close to 90°; therefore, it is almost an orthorhombic unit cell.

All peaks in the XRD were indexed to Joint Committee on
Powder Diffraction Standards (JCPDS) 00-026-1068 and
JCPDS 00-022-0541 for Ca,MoO, and Ca,WO, samples,
respectively. Thus, the synthesized phosphors are considered
to have high phase purity, and the lanthanide ions were uni-
formly incorporated in the lattice. The synthesized phosphors
form a double perovskite structure with the general formula
A,BB"Oq (1:1 ordering of B' and B" site cations), wherein A
site cations are 12-coordinated and B' and B" site cations are
octahedrally coordinated by O*~ ions. Since there is only one
alkaline earth metal cation (Ca®*), both A and B' sites are
occupied by the same ion. B" site is occupied by the transition
metal ion (Mo%*, W),

FIG. 2 depicts the excitation spectra of Ca;MO4Eu**
(where M=Mo or W) phosphors according to an embodiment
of the present invention. The excitation spectra of CaMO,:
Eu?* (where M=Mo or W) phosphors with tetrahedral coor-
dination of transition metal ion are also presented for com-
parison. For referencing purposes, FIG. 2 depicts CaMoO,:
Eu’* as element 202, Ca,MoO4Euw’* as element 204,
CaWO,:Eu’* as element 206, and Ca, WO, Eu** as element
208. As illustrated in FIG. 2, the excitation spectra of
Ca,MOg4:Eu** (where M=Mo or W) phosphors comprise a
broad charge transfer band and narrow excitation peaks
resulting from f-f transitions.

The charge transfer bands of the phosphor compositions
depicted in FIG. 2 originate from Eu**—O,~, M%+0*"
(where M=Mo®* or W5*) charge transfer, and IVCT (inter-
valence charge transfer) between Eu** and M®* ions. The
energies of Eu**—0?~ and M%-O*~ charge transfer depend
upon the covalency of the Eu**—0*" and M%-O? bonds.
Higher covalency leads to lower energy. IVCT is the transi-
tion of electrons from the ground 4f state of Eu* to the
excited state of W/Mo®*.

Because the electro-negativity of tungsten is higher than
that of molybdenum (Pauling electro-negativity of molybde-
num is 2.16 and that of tungsten is 2.36), molybdenum is
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easily oxidized, lowering the Mo®—O>" bond energy in
comparison to W*—QO?". Thus, the excited state in tung-
states is located at a higher energy than in molybdates, which
is also seen from the excitation spectra. Also, while tungsten
undergoes an efficient octahedral co-ordination, molybde-
num, which is a smaller ion than tungsten, cannot be effi-
ciently coordinated by six O®~ ions. Thus, the change from
MoO, to MoOy group leads to a greater change in the charge
transfer band edge than the change from WO, to WO, group.

FIG. 3 shows the excitation spectra of Ba,CaMoO:Eu**
302, Ca;MoO4:Eu** 304, and Y2MoO6:Eu** 306 phosphors,
for peak emission wavelengths of 594 nm, 615 nm and 615
nm, respectively. Ba,CaMoOgEu** 302 and Y,MoO4:Eu**
306 phosphors were synthesized by solid-state reaction with
12% dopant concentration for comparison. The crystal struc-
tures of these phosphors are cubic, orthorhombic and mono-
clinic, respectively.

As can be seen from FIG. 3, Ba,CaMoO4:Eu* 302 and
Ca;MoQ4:Eu** 304 phosphors exhibited a CTB edge of 430
nm. This is different than the CTB edge of Y2MoO6:Eu**
306, which was 400 nm. The disparity of CTB edge among
the phosphor compositions depicted in FIG. 3 is attributed to
the crystal structure of Y, MoO4:Eu** 306. Y ,MoO4:Eu** 306
has maximum number of defining lattice parameters for the
unit cell, e.g., 4, while the other two phosphors have lattice
parameters in the crystal structure of 3 and 1, respectively.
Thus, according to one aspect of the present invention, lim-
iting the number of lattice parameters causes the ions to
expand the unit cell dimensions. This results in longer bonds,
and thus, lower bond energies. For example, a lower Mo%*—
0>~ bond energy results in a CTB at longer wavelengths.

FIGS. 4-15 show various embodiments of the emission
spectra and excitation spectra of phosphor compounds
according to exemplary phosphor compositions of the present
invention. In FIGS. 64,6-15, A, represents the monochro-
matic excitation wavelength used to record the emission spec-
trum of the phosphor in the wavelength range, as depicted in
the figures. In FIGS. 6a,b-134a,b, A, represents the fixed
emission wavelength at which the emission intensity was
recorded when the phosphor was excited by light in the
depicted wavelength range. FIGS. 4-15 will further be
described below.
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FIG. 4 includes CaMoO,,:Eu** 402, Y,(MoQ,),:Eu’* 404,
Gd,(Mo0,),:Bu** 406, Y, MoO4:Eu* 408, Gd,MoO:Fu**
410, Ca,MoO4Eu** 412, Ba,CaMoO4:Eu** 414 phosphors
for the 615 nm emission wavelength.

FIG. 5 depicts the emission spectra of Ca;MoOq:Eu**
phosphors with 395 nm 502 and 465 nm 504 excitation wave-
lengths.

FIGS. 64, b depict exemplary embodiments of the present
invention showing the excitation (FIG. 6a) and Emission
Spectra (FIG. 6b) of A, ¢zMoOg:Eu, ;,>* (where A=Mg 602,
Ca 604, or Sr 606). FIG. 6a shows the effectiveness of blue or
near-blue LED excitation wavelengths for which the emis-
sion wavelength of the phosphor composition is 615 nm (i.e.,
orange in the visible spectrum). FIG. 65 shows the intensity of
the emission wavelengths of the phosphor composition for
which the LED wavelength is 400 nm.

FIGS. 7a, b depict the excitation (FIG. 7a) and emission
spectra (FIG. 7b) of A, ¢sMo0Q5:En,, ,,>* (where A=Ca 702,
Sr 704, Ba 706). FIG. 7a shows the effectiveness of blue or
near-blue LED excitation wavelengths for which the emis-
sion wavelength of the phosphor composition is 615 nm (i.e.,
orange in the visible spectrum). FIG. 756 shows the intensity of
the emission wavelengths of the phosphor composition for
which the LED wavelength is 400 nm.

FIGS. 84, b depict the excitation (FIG. 8a) and emission
spectra (FIG. 8b) of A, 5.Y,MoOy:Eu, ;,°* (Where A=Mg
802, Ca 804). FIG. 8a shows the effectiveness of blue or
near-blue LED excitation wavelengths for which the emis-
sion wavelength of the phosphor composition is 615 nm (i.e.,
orange in the visible spectrum). FIG. 856 shows the intensity of
the emission wavelengths of the phosphor composition for
which the LED wavelength is 400 nm.

FIGS. 94, b depict the excitation (FIG. 9a) and emission
spectra (FIG. 9b) of Y, 4sMo0,0,:Eu, ,,>*. FIG. 9a shows the
effectiveness of blue or near-blue LED excitation wave-
lengths for which the emission wavelength of the phosphor
composition is 615 nm (i.e., orange in the visible spectrum).
FIG. 95 shows the intensity of the emission wavelengths of
the phosphor composition for which the LED wavelength is
400 nm.

FIGS. 104, b depict the excitation (FIG. 10a) and emission
spectra (FIG. 10b) of Ca, ,,V,0,:Eu, ,,>*. FIG. 10a shows
the effectiveness of blue or near-blue LED excitation wave-
lengths for which the emission wavelength of the phosphor
composition is 615 nm (i.e., orange in the visible spectrum).
FIG. 105 shows the intensity of the emission wavelengths of
the phosphor composition for which the LED wavelength is
400 nm.

FIGS. 114, b depict the excitation (FIG. 11a) and emission
spectra (FIG. 115) of Ba, ,,Nb,O,:Eu, ,,>*. FIG. 11a shows
the effectiveness of blue or near-blue LED excitation wave-
lengths for which the emission wavelength of the phosphor
composition is 615 nm (i.e., orange in the visible spectrum).
FIG. 115 shows the intensity of the emission wavelengths of
the phosphor composition for which the LED wavelength is
400 nm.

FIGS. 124, b depict the excitation (FIG. 12a) and emission
spectra (FIG. 12b) of Ca, 4,V,0,:Eu, ,,°*. FIG. 12a shows
the effectiveness of blue or near-blue LED excitation wave-
lengths for which the emission wavelength of the phosphor
composition is 615 nm (i.e., orange in the visible spectrum).
FIG. 1256 shows the intensity of the emission wavelengths of
the phosphor composition for which the LED wavelength is
400 nm.

FIGS. 134, b depict the excitation (FIG. 13a) and emission
spectra (FIG. 135) of Na, Y, ;sMoOg:Eug ;. FIG. 13a shows
the effectiveness of blue or near-blue LED excitation wave-

10

15

20

25

30

35

40

45

50

55

60

65

14

lengths for which the emission wavelength of the phosphor
composition is 615 nm (i.e., orange in the visible spectrum).
FIG. 135 shows the intensity of the emission wavelengths of
the phosphor composition for which the LED wavelength is
400 nm.

FIG. 14 depicts the intensity of the emission spectrum of
Sr, 9eMoO4:Euy, o,>*, excited by a 400 nm LED.

FIG. 15 depicts the intensity of the emission spectrum of
Ca, s WO, Pr, >, excited by a 450 nm LED.

Phosphor compositions 104 according to aspects of the
present invention are not limited to converting wavelengths.
FIG. 16 depicts a schematic of an LED device 1600 wherein
the phosphor composition 104 is agitated by external stimuli
1602. External stimuli 1602 may derive from any one, or
more than one, of the following sources: electromagnetic
radiation of any wavelength (e.g. x-rays, gamma rays, UV,
radio waves, etc.); electrical sources (e.g., electric field); heat
sources (e.g., thermal); mechanical sources (e.g. shock
waves, acoustic waves, high pressure); magnetic sources
(e.g., magnetic field); chemical sources; and biological
sources. However, external stimuli 1602 may also derive from
sources not listed above. Those skilled in the art will under-
stand the various types of external stimuli 1602 that may be
used to agitate a phosphor composition 104.

As a result of the external stimuli 1602, properties of the
phosphor composition 104, for example, its refractive index,
electrical conductivity, thermal conductivity, magnetic state,
etc., may change. These changes may result in changes in the
optical absorption, excitation, wavelength conversion, trans-
mission characteristics, etc. of the phosphor composition
104.

If the external stimuli 1602 of the phosphor composition
104 is varied on a periodic basis, the resulting change in the
optical properties of the phosphor composition 104 may also
be periodic. In addition, the light propagation characteristics
through the phosphor composition 104 may also change.
Thus, changes in the polarization of light, and the spatial
distribution of light transmitted through the phosphor com-
position, may result. Thus, phosphor compositions 104
according to aspects of the present invention may use the
resulting electro-optic, acousto-optic, magneto-optic, and
thermo-optic effects to create various devices, e.g., modula-
tors and switches.

While only certain features of the present techniques have
been illustrated and described herein, many modifications
and changes will occur to those skilled in the art. It is, there-
fore, to be understood that the appended claims are intended
to cover all such modifications and changes as fall within the
true spirit of the present techniques.

What is claimed:
1. A phosphor of formula

(AA, - Ads_(1gm(W1,Mo,)OgLn,,.D,,,

wherein,
X+y+ . .. +z7=1;
O=r=l;
O=q=l1;
0<m=0.12;
A=one or more divalent elements from group IIA and IIB;
W=tungsten with a 6+ charge state;
Mo=molybdenum with a 6+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group IA and
1B; and
0O=0Oxygen (0*).
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2. A phosphor according to claim 1, of formula
Cay gsM0Og:Eug 06Nao oe-
3. A phosphor according to claim 1, of formula

(S10.4Cag ,Mgo 1 Bag 2206 1)2.5(M06 4W6.6)O6:
Eug  Lig ;-

4. A phosphor of formula

(AA, - AD 1 (1gym(W,Mo,)O3:Ln,,.D,,,

wherein,
X+y+ . .. +z=1;
O=r=1;
O=q=l;
0<m=0.24;

A=one or more divalent elements from group 1A and IIB;

W=tungsten with a 4+ charge state;

Mo=molybdenum with a 4+ charge state;

Ln=one or more trivalent rare earth lanthanide elements;

D=one or more monovalent elements from group 1A and
1B; and

O=0xygen (0*7).

5. A phosphor according to claim 4, of formula

CaggoWOs3:Eug  Nag ;.

6. A phosphor of formula

(AA, - Ads_(ligm(BBy . .. Bo)s (W), Mo,)Oy:
Ln,

vl gm

wherein,

X+y+ . .. +z=1;

O=<ks<l1;

O=r=1;

O=q=l;

0<m=0.24;

A=one or more divalent elements from group 1A and IIB;

B=one or more trivalent elements from group IIIA, IT1IB or
one or more rare earth lanthanide elements;

W=tungsten with a 6+ charge state;

Mo=Molybdenum with a 6+ charge state;

Ln=one or more trivalent rare earth lanthanide elements;

D=one or more monovalent elements from group 1A and
1B; and

0O=Oxygen (0*).

7. A phosphor according to claim 6, of formula

Mg sY1 sWOg:Eug ¢Nag ;.-
8. A phosphor of formula

AA, . A), (W) Mo,),04Ln,,

wherein,
X+y+ . .. +z=1;
O=r=1;
O<ms=l;
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A=one or more trivalent elements from group IIIA, I1IB or o

one or more rare earth lanthanide elements;
W=tungsten with a 4+ charge state;
Mo=molybdenum with a 4+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group 1A and
1B; and
0O=Oxygen (0*).
9. A phosphor according to claim 8, of formula

Y, sMoyO7:Eug s.
10. A phosphor of formula

(AA, - A (1gym(VND, Ta,),07Ln,,.D,,,

60
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wherein,
X+y+ . .. +z7=1;
pt+r+s=1;
O=q=l1;
0<m=0.24;
A=one or more divalent elements from group IIA and IIB;
V=vanadium with a 5+ charge state;
Nb=niobium with a 5+ charge state;
Ta=tantalum with a 5+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group IA and
1B; and
0O=0Oxygen (0*).
11. A phosphor according to claim 10, of formula

Ca, 55V507:Eug 06Nag o6-

12. A phosphor according to claim 10, of formula

S109Cag.oVogNby 507:Eug 1 Lig ;-

13. A phosphor of formula

AA, - A3 (1igym(VpND, T ),06:Ln,. D,

wherein,
X+y+ . .. +z7=1;
pt+r+s=1;
O=q=l1;
0<m=0.24;
A=one or more divalent elements from group IIA and IIB;
V=vanadium with a 5+ charge state;
Nb=niobium with a 5+ charge state;
Ta=tantalum with a 5+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group IA and
1B; and
0O=0Oxygen (0*).
14. A phosphor according to claim 13, of formula

Cay ggNbyOg:Eug 06Nag g6-

15. A phosphor according to claim 13, of formula

Sr; §CaggV20g:Eug sLig -

16. A phosphor of formula

AA, A 1gmBB, - - By #(V,Nb, Ta)Og:
Ln,

oD gm

wherein,

X+y+ . .. +z7=1;

p+r+S=1;

O=q=l1;

O=k=l;

0<m=0.24;

A=one or more divalent elements from group IIA and IIB;

B=one or more trivalent elements from group II1A, I1IB or
one or more rare earth lanthanide elements;

V=vanadium with a 5+ charge state;

Nb=niobium with a 5+ charge state;

Ta=tantalum with a 5+ charge state;

Ln=one or more trivalent rare earth lanthanide elements;

D=one or more monovalent elements from group IA and
1B; and

0O=0Oxygen (0*).

17. A phosphor according to claim 16, of formula

St; 88 YNbOg:Eug 06Nag os-

18. A phosphor of formula

(AA, - Az (1gym(VpND Ta,),07Ln,,.D,,,
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wherein,
X+y+ . .. +z=1;
pHr+s=1;
O=q=l;
0<m=0.24;
A=one or more divalent elements from group 1A and IIB;
V=vanadium with a 4+ charge state;
Nb=niobium with a 4+ charge state;
Ta=tantalum with a 4+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group 1A and
1B; and
0O=Oxygen (0*).
19. A phosphor according to claim 18, of formula

Sr, §VNbO,:Eug | Nag ;.

20. A phosphor of formula

(AA, - A (1gym(VpND, Ta,),05:Ln,,. Dy,

wherein,
X+y+ . .. +z=1;
pHr+s=1;
O=q=l;
0<m=0.24;
A=one or more divalent elements from group 1A and IIB;
V=vanadium with a 3+ charge state;
Nb=niobium with a 3+ charge state;
Ta=tantalum with a 3+ charge state;
Ln=one or more trivalent rare earth lanthanide elements;
D=one or more monovalent elements from group 1A and
1B; and
O=0xygen (0*7).
21. A phosphor according to claim 20, of formula

Mg, 6V>0s:Eug ,Nag 5.
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22. A phosphor of formula

(AA, .. A)y(BB, ... B (W, Mo,)sLn,,

wherein,
X+y+ . .. +z7=1;
O=r=l;
0<m=0.48;

A=one or more monovalent elements from group IA and
1B;

B=one or more trivalent elements from group II1A, I1IB or
one or more rare earth lanthanide elements;

W=tungsten with a 6+ charge state;

Mo=molybdenum with a 6+ charge state;

Ln=one or more trivalent rare earth lanthanide elements;
and

0O=0Oxygen (0*).

23. A phosphor according to claim 22, of formula
Na;Gdy ;MoOg4:Eug 3.

24. A light emitting device, comprising:

a source for ultraviolet or visible radiation;

power leads for providing current to the source that causes
the source to emit radiation; and

aphosphor as in claim 1 for converting at least a portion of
the emitted radiation by the source into radiation having
a longer wavelength.

25. A light modulating device, comprising:

a source for ultraviolet or visible radiation;

power leads for providing current to the source that causes
the source to emit steady or time varying radiation; and

aphosphor as in claim 4 for converting at least a portion of
the emitted radiation by the source into radiation having
longer wavelength, wherein the phosphor having opti-
cal, electrical, thermal, mechanical, chemical, biologi-
cal or magnetic properties can be temporally or spatially
varied to alter or modulate the temporal or spatial light
emission characteristics.

#* #* #* #* #*



